The parent magma and mantle source of the Mesoproterozoic Kiglapait intrusion, the largest and youngest troctolitic intrusion in the Nain Plutonic Suite of coastal Labrador, Canada, are evaluated using an integrated Pb-Sr-Nd-Hf isotopic and trace element framework. The bowl-shaped Kiglapait intrusion crystallized mostly as a closed system, forming an 8 km-thick stack of differentiated cumulates from the troctolitic Lower Zone (0-84% solidified or PCS) through the olivine gabbroic to ferrosyenitic Upper Zone (84-100 PCS). Whole-rocks and mineral separates (plagioclase, clinopyroxene, bulk mafic minerals) were analysed from eight different stratigraphic locations from 5 to 89Á3 PCS. This new dataset is complemented by Pb-Sr-Nd TIMS isotopic analyses of samples spanning the entire magmatic stratigraphy of the Kiglapait intrusion (29 samples, 0Á12 to 99Á99 PCS) and from the Nain Plutonic Suite (26 samples) for regional comparisons. There is no significant change in initial Nd and Hf isotopic ratios from the base to the top of the intrusion. In contrast, initial 87 Sr/ 86 Sr steadily increases in the Upper Zone due to progressively increasing small amounts of assimilation of country rock with a composition similar to local Proterozoic supracrustal rocks and Archean gneiss. The Pb isotopic analyses, both MC-ICP-MS and TIMS, reveal differences between less radiogenic plagioclase and more radiogenic mafic separates in nearly all samples. This feature is attributed to cryptic alteration from interaction with a high-temperature, externally-derived, hydrothermal fluid in oxygen isotope equilibrium with the host anorthositic rocks. The Pb isotope composition of the Kiglapait parent magma was recovered through systematic analysis of leached plagioclase separates (and corresponding leachate solutions). Trace element modeling combined with Pb-Sr-Nd-Hf isotopic constraints indicate that the Kiglapait parent magma was derived from depleted mantle ($95%) with a small contribution ($5%) from the lower crust assimilated during ponding at the Moho or during transit through the crust. This geochemical model is extended to the origin of other troctolitic and anorthositic magmas in the Nain Plutonic Suite at a regional scale. Most of the Pb-Sr-Nd isotopic compositions of the Nain anorthosites are compatible with crystallization from melts that originated from the mantle and that assimilated variable extents of crustally-derived melts (3-30%). The multi-isotopic and trace element geochemical framework developed for the Kiglapait intrusion in this study can be applied to the investigation of the source, parent magma, differentiation processes and post-crystallization changes in layered intrusions and anorthosites throughout the geological record.
INTRODUCTION
Mafic layered intrusions have long served as natural laboratories for evaluating the differentiation processes of mantle-derived magmas, as they contain remarkable rock records against which many basic concepts of crystallization can be tested (Wager & Brown, 1968; Parsons, 1987; Morse, 1994; Cawthorn, 1996; Charlier et al., 2015) . The application of radiogenic isotopes, which are not affected by chemical fractionation during melting or crystallization, has played an important role in deciphering the mantle source and the physical and chemical processes preserved in layered intrusions (e.g. Stillwater: DePaolo & Wasserburg, 1979; Kiglapait: DePaolo, 1985; Skaergaard: Stewart & DePaolo, 1990; Muskox: Stewart & DePaolo, 1992 . Radiogenic isotopes, mostly Nd-Sr isotopes and less commonly Pb isotopes, have been used to determine the age of layered intrusions, detect contamination through assimilation or reaction with wall-rocks, trace magma mixing and magma chamber replenishment and evaluate the mantle magma source over geological time (e.g. Hamilton, 1963; Pankhurst, 1969; DePaolo & Wasserburg, 1979; Manhes et al., 1980; Kruger & Marsh, 1982; Palacz, 1985; Sharpe, 1985; Lambert et al., 1994; Harmer et al., 1995; Scoates & Frost, 1996; Barling et al., 2000; Tegner et al., 2005; Mackie et al., 2009; Scoates & Wall, 2015; Wall et al., 2018) . Intriguingly, over the past two decades, studies have also documented the existence of Sr, Nd and Pb isotopic differences between co-existing mineral phases in a number of mafic layered intrusions (e.g. Stillwater, Bushveld, Skaergaard, Rum), differences that may be related to a wide variety of processes, including mixing of minerals derived from different parent magmas or the effects of alteration (McCallum et al., 1999; McBirney & Creaser, 2002; Tepley & Davidson, 2003; Mathez & Waight, 2003; Prevec et al., 2005; Mathez & Kent, 2007; Chutas et al., 2012; Roelofse & Ashwal, 2012) .
In this study, an integrated Pb-Sr-Nd-Hf isotopic and trace element framework is provided for evaluation of the source and differentiation of layered intrusions from the analysis of whole-rocks and mineral separates from the Kiglapait intrusion, the largest and one of the youngest troctolitic bodies of the Mesoproterozoic Nain Plutonic Suite, Labrador (Canada) (Fig. 1) . The Kiglapait intrusion preserves an 8 km-thick stratigraphic sequence of cumulates, from troctolite to the last-crystallized, Mg-free ferrosyenite, that records the entire fractional crystallization history of a single batch of magma under essentially closedsystem conditions (Morse, 1969; Morse, 1979b; Morse, 2015) . The isotopic and trace element framework is based on new analytical results from 11 samples with trace element concentrations and Pb-Sr-Nd-Hf isotope ratios determined by MC-ICP-MS and TIMS for whole-rocks, plagioclase, clinopyroxene and bulk mafic mineral separates (olivine 6 clinopyroxene 6 Fe-Ti oxides 6 sulfides). These new results are complemented by Pb-Sr-Nd TIMS analyses of 29 samples, including whole-rocks and mineral separates (plagioclase, clinopyroxene, mafic minerals, apatite, magnetite), from the Kiglapait intrusion and Pb TIMS analyses of 26 diverse rock types from the Nain Plutonic Suite for comparison as presented in published abstracts (Weis & Morse, 1993 Weis et al., 2003 Weis et al., , 2004 . This extensive dataset is used to evaluate (1) the evidence for Pb isotopic differences between leached plagioclase and unleached plagioclase, wholerocks and clinopyroxene/mafic minerals in the Kiglapait intrusion; (2) the extent of assimilation of country rocks under the roof by the last-crystallized residual magma in the chamber; (3) the trace element composition of the Kiglapait parent magma; and (4) the source of the Kiglapait parent magma, with implications for the evolution of the Nain Plutonic Suite and other major layered intrusions.
GEOLOGIC SETTING Nain Plutonic Suite and troctolitic intrusions
The Kiglapait intrusion is located in the Nain Plutonic Suite (NPS) of coastal Labrador, Canada ( Fig. 1) (Emslie, 1978; Ryan, 1990 Ryan, , 2000 Hamilton, 1993; Emslie et al., 1994; Royse & Park, 2000; Myers et al., 2008) . The NPS is one of the largest anorthosite-mangerite-charnockite-granite, or AMCG, igneous assemblages in the world, covering $19 000 km 2 (Hill, 1988) and it was emplaced along the boundary zone between the Archean and Early Proterozoic Churchill Province and the Archean Nain Province. The NPS is dominated by anorthositic and granitoid rocks with lesser amounts of troctolite, olivine gabbro, gabbronorite and ferrodiorite (Fig. 1) . The depth of emplacement of the NPS is estimated to be between 8 and 15 km (Berg, 1977; and seismic experiments show that the present base of the NPS is at a depth of 8 km in the Churchill Province and 11 km in the Nain Province (Funck et al., 2000) . The NPS was emplaced between 1360 to 1290 Ma (e.g. Hamilton, 1993; Myers et al., 2008) in two distinct sequences, from 1363-1319 Ma and between 1319-1289 Ma, each starting with anorthositic plutons and ending with episodes of granitic magmatism (Myers et al., 2008) (Fig. 1b) .
Major troctolitic intrusions in the Nain Plutonic Suite, from oldest to youngest based on U-Pb geochronology and cross-cutting relations, include: Voisey's Bay (1333 Ma: Amelin et al., 1999); Barth Island (1332 Ma: Gaskill, 2005 ; Mushuau (1313 Ma: Li et al., 2000) ; Jonathon (1311 Ma: Hamilton et al., 1994) ; Hettasch (Berg, 1980) ; Kiglapait (1307 Ma: Morse, 2015) ; and Newark Island (1305 Ma: Snyder & Simmons, 1999) (Fig. 1) . These troctolites are all located to the east of the 'olivine line' in the NPS that separates orthopyroxene-bearing anorthosites and norites to the west from olivine-bearing anorthosites and troctolites to the east (Xue & Morse, 1993) (Fig. 1 ).
Kiglapait intrusion
The 1307 Ma Kiglapait intrusion is one of the youngest and the largest troctolitic intrusions of the Nain Plutonic Suite (Figs 1, 2) with an exposed area of 560 km 2 and an estimated original volume of $3500 km 3 (Morse, 1969) . It was emplaced below an $9Á6 km-thick roof (Berg & Docka, 1983; Morse, 2015) . The contact rocks are Nain anorthosite in the southwest and supracrustal rocks of the Falls Brook Zone and >1Á8 Ga Snyder Group in the northwest (Barton & Barton, 1975) (Fig. 2a) . The Manvers granite intruded the southeastern part of the Kiglapait intrusion at c.1300 Ma (M. A. Hamilton, communication reported in Morse, 2015) .
The 8Á4 km-thick Kiglapait intrusion was divided into four zones by Morse (1969) : the Inner Border Zone (IBZ) and the Layered Series, consisting of the Lower Zone (LZ) and the Upper Zone (UZ) and the Upper Border Zone (UBZ) at the top (Figs 2, 3) . The thin Inner Border Zone comprises medium-to coarse-grained troctolite to anorthosite and olivine gabbro. The Lower Zone is dominated by troctolite (olivine þ plagioclase cumulates) ( Fig. 3b-d ). The Upper Zone, which is marked by the onset of cumulus clinopyroxene (augite), ranges from olivine gabbro ( Fig. 3f-h ) near its base to ferrosyenite at the top, with subzones defined by the sequential appearance of new cumulus minerals (e.g. augite, Fe-Ti oxides, sulfide, apatite, antiperthite, mesoperthite). The fine-grained Upper Border Zone, a mirror image of the Layered Series, ranges in composition from troctolite (uppermost UBZ) to ferrodiorite (lowermost UBZ). The total volume of the Kiglapait intrusion was estimated from cross-sections by Morse (1969) and the Layered Series was contoured by volume yielding 'PCS' or percent solidified (see Supplementary Data Figs A1-A2 for a comparison between PCS and true thickness for mineral compositional variation; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org). The bulk composition of the Kiglapait intrusion corresponds to a troctolitic magma, a type of high-alumina basalt (Morse, 1981a) and is best represented by the composition of the Inner Border Zone (Morse, 2015) . Experimental Scoates & Mitchell, 2000) showing the location of the Kiglapait intrusion in the northeastern part of the Nain Plutonic Suite (NPS). The locations of the intrusions emplaced in the 'first sequence' are indicated in black font and those emplaced in the 'second sequence' in blue font after Myers et al. (2008) . A, Akpaume Island; K, Kikkertavak; P, Paul Island; S, Satorsoakulluk; T, Tigalak. The 'olivine line' (thick black line) represents the separation between troctolitic intrusions on the eastern side and noritic intrusions to the west (Xue & Morse, 1993 ). The inset figure shows the location of the NPS in Labrador. (b) Crystallization ages of plutons in the NPS. Crystallization ages of NPS plutons extend from 1351 to 1289 Ma and are divided into two sequences (Myers et al., 2008) . The Kiglapait intrusion was emplaced relatively late at 1307 Ma and is one of the youngest troctolitic intrusions in the NPS (Morse, 2015) . Ages are from: Pearly Gates, Ryan & James, 2003; Mount Lister, Connelly & Ryan, 1994; Ryan & James, 2003;  Voisey's Bay, Amelin et al., 1999; Akpaume Island, Hamilton et al., 1994; Barth Island, Gaskill, 2005; Makhanivekh, Ryan & James, 2003 ; Umiakovik Lake, Emslie & Loveridge, 1992; Paul Island, Ryan, 2000; Mushuau, Li et al., 2000; Kikkertavak, Ryan, 2000; Jonathon, Hamilton et al., 1994; Kiglapait, Morse, 2015; Tigalak, Hamilton et al., 1994; Newark Island, Snyder & Simmons, 1999; Satorsoakulluk, Hamilton et al., 1994; Notakwanon, Ryan, 1991; Flowers River, Miller et al., 1997. work (Morse, 2006; McIntosh, 2009) indicates that the mantle source of this magma was a harzburgite, dominated by two pyroxenes þ spinel and garnet, which melted near 13 kbar and 1375 C and that the parent magma fractionated substantial amounts of olivine before emplacement at pressures of 3-5 kbar and a temperature of $1240 C (Morse, 2015) . The working hypothesis for crystallization of the Kiglapait intrusion involves a single prolonged event of emplacement of magma that crystallized under essentially closed-system conditions and that produced layered rocks in the lower parts of the intrusion and nonlayered rocks under the roof (Morse, 2015 and references therein) . The bulk magma composition of the Kiglapait intrusion was estimated by Morse (1981a) by summing whole-rock compositions from 100 PCS (top of the Layered Series) down to the base of the Layered Series. This bulk composition is similar to that of chilled margins to the Kiglapait intrusion (Nolan & Morse, 1986) and to the chilled margin of the nearby Hettasch intrusion (Morse, 1981a) (Fig. 1) . Oxygen isotope values for the Kiglapait intrusion are very close to a normal uncontaminated gabbroic value (d 18 O ¼ 6Á0&) and show no oxygen exchange with the country rocks (Kalamarides, 1984) . Initial Sr isotopic ratios are constant in the Lower Zone ( 87 Sr/ 86 Sr i ¼ 0Á7040) and increase progressively after 90 PCS to 87 Sr/ 86 Sr i ¼ 0Á7066 at the roof (Simmons & Lambert, 1981) . DePaolo (1985) confirmed the variation of Sr isotopic ratios after 90 PCS and argued for progressive assimilation of country rocks during crystallization of the Upper Zone and periodic replenishment of the magma chamber during crystallization. Olivine chemistry in the Kiglapait intrusion indicates that the injection of new magma was likely limited to the early stages of filling in the region of 6-13 PCS (Morse et al., 1991; Morse, 1996 Morse, , 2015 .
SAMPLES AND MINERAL ASSEMBLAGES
This study focuses on the Pb-Sr-Nd-Hf isotopic and trace element geochemistry of 11 samples and their constituent minerals, that are identified as UBC Morse (1979a) . Sample numbers in white boxes correspond to the samples analysed during the course of this study at UBC; sample numbers in smaller font and without boxes indicate samples analysed in the 1990s at the Université Libre de Bruxelles. The star next to sample KI3379 at the top of the Kiglapait intrusion refers to the inset to the right of the column where the interval from 99Á4 to 100 PCS has been expanded. IBZ, Inner Border Zone (dark green); LZ, Lower Zone (apple green); UZ, Upper Zone (orange); UBZ, Upper Border Zone (red). The Upper Zone is divided into sub-zones defined by the arrival of cumulus minerals. (c) North-south cross-section through the Kiglapait intrusion after Morse (1979a) . Aug, augite; Mt, Magnetite; Ap, Apatite; Antiperth, antiperthite; FBG: Falls Brook Group (originally called Outer Border Zone by Morse, 1969) . Volume percent solidified is noted by the discontinuous black lines.
(University of British Columbia) analyses in Table 1 . Representative photomicrographs of these samples are shown in Fig. 4 . These samples represent the main volume of the Kiglapait intrusion from near the base (5 PCS) through the Lower Zone and into the Upper Zone (89Á3 PCS) (Fig. 2) . We also report Pb-Sr-Nd isotopic results for 29 samples from the Kiglapait intrusion that were analysed in the 1990s at the Université Libre de Bruxelles (identified as ULB analyses), a total of 20 of which are from the Upper Zone (85Á8 PCS to 99Á99 PCS) (Table 1) ; see the Analytical Techniques section below for information on the different analytical protocols and instrumentation for the UBC and ULB analyses. For comparison, the Pb isotopic compositions for 26 other samples analysed at ULB are incorporated in this study, including whole-rock samples of xenoliths, enclosing and country rocks, chilled margins from the Newark Island intrusion, Nain anorthosites and regional ultramafic rocks (i.e. proxies for mantle compositions) and country rocks (granites and gneisses).
All Kiglapait samples are remarkably fresh and dominated by plagioclase and olivine in the Lower Zone and by plagioclase and clinopyroxene (strongly exsolved augite) in the Upper Zone (Fig. 4) . Minor accessory minerals (<1 vol. %) in the Lower Zone samples include interstitial Fe-Ti oxides (titanomagnetite, ilmenite), biotite and sulfide (pyrrhotite, chalcopyrite, pentlandite); accessory quartz and zircon, commonly observed in other major layered intrusions (e.g. Stillwater, Wall et al., 2018; Bushveld, Ver Hoeve et al., 2018) are conspicuously absent. The Upper Zone gabbro (KI3369, KIG13-02) contains 2-5 vol. % Fe-Ti oxides. Comprehensive petrographic overviews of the Kiglapait rocks can be found in Morse (1969 Morse ( , 1979b and Kiglapait Solidified calculated by Morse (1969) . The sample locations can be seen on the simplified geological map of Fig 2A or , with more detail, on Figs 6-8 in Morse (1979) . Plagioclase An numbers are compiled from Morse (1981a; 2012); DePaolo (1985) ; Nolan & Morse (1986) . Porosity (%) calculated by Morse (2012) using the range of measured An in the samples. Major elements are reported in weight percent (wt%) and are all from Morse (1981a) , except for KI3367 where the major elements values are from Nolan & Morse (1986) .
mineralogy has been described in numerous papers (e.g. Morse, 1969 Morse, , 1979b Morse, , 1980 Morse, , 1996 Speer & Ribbe, 1973; Shirey, 1975; Huntington, 1979; Morse & Nolan, 1984; Morse & Ross, 2004) .
ANALYTICAL TECHNIQUES
Samples analysed at the University of British Columbia (UBC) and at the Université Libre de Bruxelles (ULB)
were selected from the Kiglapait Collection of the University of Massachusetts Amherst to cover the entire stratigraphic sequence of the intrusion (Table 1) . Additionally, three samples of the KIG13 series collected during fieldwork in summer 2013 were analysed. At UBC, the samples analysed include 11 whole-rocks, 11 plagioclase separates, nine bulk mafic separates and two clinopyroxene separates. At ULB, the Kiglapait samples included 26 whole-rocks with separates of feldspar (n ¼ 16), bulk mafic minerals (n ¼ 4), clinopyroxene (n ¼ 5), apatite (n ¼ 4) and magnetite (n ¼ 2). The bulk mafic separates contained all the minerals present in the whole-rock, except plagioclase. Depending on the stratigraphic level (i.e. troctolite of the LZ or gabbro of the UZ) and on the amount of interstitial material (Fig. 4) , the bulk mafic separates contained variable proportions of olivine, clinopyroxene 6 small amounts of Fe-Ti oxides and sulfides. Most of the Kiglapait samples used in this study were collected by S. A. Morse along three major traverses across the intrusion (Fig. 2) as explained in Morse (1979a) . Three samples (ULB) from the northwest margin of the Kiglapait intrusion were provided by J. H. Berg. The ULB dataset also includes 13 whole-rocks from the Nain Plutonic Suite, plus feldspar separates from 11 samples and orthopyroxene separates from three samples that were provided by S. A. Morse from the E. P. Wheeler Collection at the University of Massachusetts. All samples were processed as described in Morse (2012) and Supplementary Data Electronic Appendix 1.
Sample preparation
Chemical digestion and separation were carried out in class 100 fume hoods located in a class 1000 clean laboratory, with element concentrations and isotopic analyses done in class 10 000 laboratories, at the Pacific C in steel-jacketed high-pressure PTFE bombs for the whole-rocks, bulk mafic separates and clinopyroxene. Duplicates of plagioclase were acid leached following the procedure described in Weis & Deutsch (1984) . Approximately 240 to 270 mg of plagioclase were acid leached with 5 mL of 6 N subboiled HCl on a hotplate at 50 C for 1 hour. The supernatants (leachate solutions) were decanted and the plagioclase aliquots rinsed twice with 5 mL of 18Á2 MX.cm H 2 O. Samples were then leached with 5 mL of 5% ($1Á5N) HF-0Á5N HBr on a 100 C hotplate for 3-5 min. After decanting the supernatants, this step was repeated once. The aliquots were finally rinsed twice with 5 mL of 18Á2 MX.cm H 2 O and dried down before starting the digestion procedure summarized above. Plagioclase leachates represent the supernatant collected at each step of the leaching procedure. Two plagioclase separates and one mafic mineral separate were only processed through the initial step of leaching (HCl) to test whether the leachates resulting from this first step ('1-step leachate') had more radiogenic Pb isotopic compositions than the total leachates as observed in plagioclase from the Laramie anorthositic complex, Wyoming . After drying down, the plagioclase leachates went through the same procedure as plagioclase and leached plagioclase.
After digestion, a 5% aliquot was taken for concentration measurements while the remaining 95% went through ion exchange columns to separate Pb, Sr, Hf and Nd. The procedures for Pb, Sr and Nd separation are detailed in Weis et al. (2006) ; the hafnium separation is adapted from the method described by Connelly et al. (2006) . Solutions were passed twice through the Pb exchange resin to ensure more complete matrix removal and better Pb purification (Nobre Silva et al., 2009 ). For samples with high matrix contents (e.g. Ca) and low levels of Sr, such as bulk mafic and clinopyroxene separates, an additional Sr purification step was done using the method described in Deniel & Pin (2001) .
Mass spectrometry (UBC)
Trace element concentrations were measured on an Element II high-resolution sector field ICP-MS (HR-SF-ICP-MS) (Thermo Scientific) for all samples, except for the leachates, which were analysed on a Nu Instruments AttoM HR-SF-ICP-MS. Aliquots were diluted to a factor of 4000 to 5000 with a 10 ppb In-1% HNO 3 -0Á05% HF solution; the instrument signal was calibrated using the BCR-2 reference material (USGS). Correction for instrumental drift was done using indium as an internal standard and external calibration by sample-standard bracketing with BCR-2 typically measured every six samples. Procedural blanks were measured for each set of analyses; they were negligible (<5%) compared to the concentrations measured in the samples (Supplementary Data Table A1 ). Accuracy was evaluated by the analysis of the plagioclase-rich USGS reference material DNC-1 and ultramafic SARM reference material BE-N (Supplementary Data Table A2 ) (Fourny et al., 2016) . External precision for the trace element concentrations, evaluated by replicate analysis, was typically <5% RSD for the rare earth elements (REE), Ba, Zr, Ga, Cu, Co and V, and <10% RSD for the other elements (Supplementary Data Table A1 ).
Isotopic ratios of Pb, Nd and Hf were measured on two different Nu Instruments multi-collector ICP-MS systems (Nu Plasma II 214, Nu Plasma 1700) and Sr isotopic compositions were measured on a Thermo Scientific Triton thermal ionization mass spectrometer (TIMS) and a Nu Instruments TIMS at PCIGR. The instruments were cross-calibrated by the repeated analysis of standards and reference materials (Fourny et al., 2016 (Vervoort & Blichert-Toft, 1999 Tables A9 and  A12 ). The ULB samples were processed following the protocol described in Weis & Frey (1991 Nd to re-calculate initial ratios. This does not impact comparison between the two datasets as the re-normalized values are within analytical uncertainty (ULB average 2SE ¼ 20, n ¼ 16; UBC average 2SE ¼ 8, n ¼ 50).
RESULTS
Trace element concentrations for whole-rocks and for plagioclase and bulk mafic mineral separates, are given in Supplementary Data Tables A3-A6 and displayed 
Trace elements Whole-rocks
The troctolites (5 to 83 PCS) are enriched in light REE relative to heavy REE (La N /Yb N ¼ 1Á4-9) with strong Table 1 . Color-coding: greens, blues and yellow correspond to samples from the Lower Zone; orange shades indicate samples from the Upper Zone.
positive Eu anomalies (Eu N /Eu N * ¼ 2Á4-9Á7) (Fig. 5a ). Except for KI3708, the range of concentrations is limited (e.g. Sm ¼ 0Á203-0Á56 ppm). The olivine gabbros KI3369 and KIG13-02 have distinctly higher concentrations (e.g. Sm ¼ 2Á31-2Á40 ppm) and REE patterns with a small depletion in the light REE (La N /Yb N ¼ 0Á9) and no Eu anomaly. The mantle-normalized patterns of the troctolites show positive anomalies in Ba, Pb, Sr and Eu, and negative Th, U and Nb anomalies (Fig. 6a) ; the positive anomalies in Ba, Pb and Sr are smaller in the gabbros and there is no Eu anomaly. The troctolite KI3708, which contains more interstitial material, has higher concentrations (e.g. Sm ¼ 1Á79-2Á21 ppm) and smaller Ba, Pb, Sr and Eu anomalies (e.g. Eu N /Eu N * ¼ 1Á6) compared to the other troctolites. No correlation between trace element concentrations and PCS is observed in the troctolites.
Plagioclase
Plagioclase from each of the Kiglapait samples has relatively steep chondrite-normalized REE patterns (La N / Yb N ¼ 7-153) with distinct positive Eu anomalies (Eu N / Eu N * ¼ 8-30) (Fig. 5b) . On the extended trace element patterns, plagioclase exhibits prominent positive Ba, Pb, Sr and Eu anomalies (e.g. Sr N /Sr N * ¼ 10Á9-50Á5) and very low concentrations of HFSE (e.g. Nb ¼ 0Á01-0Á68 ppm) (Fig. 6b) . Plagioclase from olivine gabbro KI3369 has the lowest concentrations for most of the elements (e.g. Nd ¼ 0Á96 ppm in KI3369 vs 0Á99-3Á11 ppm in the troctolites) and larger anomalies (e.g. Eu N /Eu N * $30).
Bulk mafic minerals and clinopyroxene
The bulk mafic mineral separates consisted mostly of olivine and clinopyroxene with minor Fe-Ti oxides and sulfides. The shapes of the REE patterns vary amongst the samples and they are all characterized by depletion in light REE (La N /Yb N ¼ 0Á9-1Á2) and negative Eu anomalies (Eu N /Eu N * ¼ 0Á4-0Á8) ( Fig. 5c ), except for KI3276. The mafic mineral separates from the troctolites have lower REE concentrations (e.g. Sm ¼ 0Á2-1Á2 ppm) than those from the olivine gabbro KI3369 (e.g. Sm ¼ 3Á3-3Á5 ppm). Clinopyroxene from KI3369 has nearly identical REE patterns to the mafic mineral separates from the same sample, thus the trace element budget of the mafic minerals in the bulk separates is carried mainly by augite. The extended trace element patterns of the mafic mineral separates show a general depletion in incompatible elements (Fig. 6c) . Most of the mafic mineral separates present positive Nb, Pb, Zr and Hf anomalies (e.g. Pb N /Pb N * ¼ 0Á6-59Á5) (Fig. 6c) . Mafic mineral and clinopyroxene separates from KI3369 have strong negative Sr anomalies (Sr N /Sr N * ¼ 0Á09-0Á1) and the clinopyroxene is distinguished by a positive Pb anomaly (Pb N /Pb N * ¼ 9Á5), whereas the bulk mafic minerals have a negative Pb anomaly (Pb N /Pb N * ¼ 0Á6-0Á7). The mafic mineral separates from KIG13-21 and KIG13-02 must also have contained a small amount of plagioclase (e.g. positive Eu anomalies).
Radiogenic isotopic compositions Nd and Hf isotopes
This study presents the first Hf isotopic ratios for the Kiglapait intrusion and, at a larger scale, for an intrusion from the Nain Plutonic Suite. The Nd and Hf isotopic ratios in all analysed whole-rocks and mineral separates are within analytical uncertainty throughout the magmatic stratigraphy (Fig. 7) . The overall averages are 143 Nd/ 144 Nd i ¼ 0Á51075 6 9 (2 standard deviations, 2SD, n ¼ 45) or e Ndi ¼ -4 6 2 ( Fig. 7a) and 176 Hf/ 177 Hf i ¼ 0Á28197 6 9 (2SD, n ¼ 20) or e Hfi ¼ þ1 6 3 ( Fig. 7b ) (Tables 2-3) . The ULB TIMS dataset shows a comparable Nd isotopic range with e Ndi ¼ -3 6 2 (2SD, n ¼ 5) in the Lower Zone and e Ndi ¼ -5 6 2 (2SD, n ¼ 25) in the Upper Zone (Supplementary Data Table A11 ). The Nd isotopic compositions reported in this study and the Table 1 . Color-coding: greens, blues and yellow correspond to samples from the Lower Zone; orange shades indicate samples from the Upper Zone. Nd i ) were calculated for an age of 1Á307 Ga, using a decay constant of k
147
Sm ¼ 6Á54 Â 10 -12 yr -1 (Lugmair & Marti, 1978) . The uncertainty on the initial ratios was calculated by error propagation using the average RSD % on Sm and Nd for each type of sample (Supplementary Data Table A1 ), an error of 2 Ma on the age of the Kiglapait intrusion (Morse, 2015) Nd ¼ 0Á1966 (Jacobsen & Wasserburg, 1980; Hamilton et al., 1983) .
ULB TIMS data are within the range of previous e Ndi from DePaolo (1985) Nd i ¼ 0Á51079 6 4, 2SD, n ¼ 4) are comparable (Fig. 7a) Hf i ¼ 0Á28196 6 6 (2SD, n ¼ 17), or e Hfi ¼ 0 6 2 (2SD, n ¼ 17), for the whole-rocks and mafic mineral separates.
Sr isotopes
In contrast, Sr isotopic ratios in the Kiglapait intrusion are variable at the scale of individual samples and at the scale of the entire intrusion (Fig. 8) . Initial 87 Sr/ 86 Sr increases up-section, especially after 90 PCS and the trend is consistent with previous studies (Simmons & Lambert, 1981; DePaolo, 1985) (Supplementary Data  Tables A11 and A13 ; Supplementary Data Fig. A3 ). In this study, 87 Sr/ 86 Sr i varies from 0Á70410 6 3 at 5 PCS to 0Á70438 6 3 at 89Á3 PCS in the whole-rocks and from 0Á70399 6 1 at 26Á7 PCS to 0Á70430 6 1 at 89Á3 PCS in plagioclase. The Sr isotopic ratios of the mafic mineral separates are all within analytical uncertainty, with values ranging from 87 Sr i ¼ 0Á70430 6 3 at 9 PCS to 0Á70433 6 3 at 82Á4 PCS (Fig. 8a) and 87 Sr/ 86 Sr i increases from 0Á70422 6 0 at 85Á8 PCS to 0Á70650 6 3 at 99Á985 Hf i ) were calculated, for an age of 1Á307 Ga using a decay constant of k 176 Lu ¼ 1Á884 (60Á060)Â10
-11 yr - (Bouvier et al., 2008) . The uncertainty on the initial ratios was calculated by error propagation using the average RSD % on Lu and Hf for each type of sample (Supplementary Data Table A1 ), an error of 2 Ma on the age of the Kiglapait intrusion (Morse, 2015) Sr i ) were calculated for an age of 1Á307 Ga, using a decay constant of k 87 Rb ¼ 1Á42x10 -11 yr -1 (Steiger & Jä ger, 1977) . The uncertainty on the initial ratios was calculated by error propagation using the average RSD % on Rb and Sr for each type of sample (Supplementary Data Table A1 ), an error of 2 Ma on the age of the Kiglapait intrusion (Morse, 2015) The uncertainty on the initial ratios was calculated by error propagation using the average RSD % on Th, U and Pb for each type of sample (Supplementary Data Table A1 ), an error of 2 Ma on the age of the Kiglapait intrusion (Morse, 2015) and the 2 standard error on each measured Pb isotopic ratios. 2SE are reported as times 10 4 .
( Fig. 8) Sr i ¼ 0Á70404 6 16 in the mafic mineral separate (Table 4 ). The initial Sr isotopic compositions of mafic minerals, plagioclase and whole-rocks overlap in other samples (e.g. KI3267, 60 PCS; KI3302, 83 PCS) (Fig. 8) . Plagioclase, leached plagioclase and leachate have comparable Sr isotope ratios in most samples (Fig. 8) Sr i ¼ 0Á70420 6 1 and 0Á70399 6 1, respectively) has lower Sr isotopic ratios than both leached and leachate solutions (Fig. 8) , a difference that is interpreted to result from local heterogeneity in the plagioclase separates.
Pb isotopes
The precise Pb isotope results of this study ( are consistent in their behavior with respect to stratigraphic height or PCS (Fig. 9) . The leached plagioclase separates are less radiogenic than the mafic separates in the same sample, except for KI3276 (68 PCS) and KIG13-02 (88 PCS) (Fig. 9) Pb i ¼ 17Á2 6 0Á8, 2SD, n ¼ 2) are also observed (Fig. 9) . In the Upper Zone, the two magnetite separates have comparable Pb isotopic compositions to the bulk mafic minerals and apatite shows a larger range of variation (Fig. 9) . Table A11 ) and data reported by Simmons & Lambert (1981) Sr i increase from 0Á7042 to 0Á7070 between 90 and 100 PCS. Open error bars are 2SE after error propagation for this study and TIMS (ULB) data and reported 2SE for the published data. Error bars are indicated and are smaller than the symbol sizes in many cases. Table A10 ). The blue and grey fields highlight the differences between the analyses of leached plagioclase (blue diamonds; light blue field) and mafic separates (green triangles; light grey field). Open error bars are 2SE after error propagation for this study and TIMS (ULB) data; when not visible, error bars are smaller than symbols.
There are significant Pb isotopic differences between leached plagioclase, plagioclase and the corresponding leachate solutions (Supplementary Data Fig. A4) 204 Pb i ¼ 16Á901 6 4 to 17Á338 6 3), similar to the mafic mineral and clinopyroxene separates (Fig. 9) .
The variable nature of the Kiglapait Pb isotopic systematics is particularly apparent in Pb-Pb isotope plots (Figs 10, 11) (Fig. 10) . Both lines have similar slopes corresponding to $3 Ga, substantially older than the 1Á307 Ga crystallization age of the Kiglapait intrusion (Morse, 2015) and of the rest of the Nain Plutonic Suite (e.g. Myers et al., 2008) Pb i (Fig. 11) , the age-corrected values distinguish the leached plagioclase (and several whole-rock and mafic analyses identified above) with lower values from the more radiogenic character of the unleached plagioclase, leachates of plagioclase and the majority of the analyses of whole-rocks and mafic mineral separates.
Could these Pb isotopic differences have been produced by contamination during sample collection and preparation? Supplementary Data Electronic Appendix A1 provides a description of the sampling protocol for the KI series samples (S.A. Morse, personal communication) and the KIG13 series. As the whole-rocks have relatively radiogenic Pb isotope ratios, contamination would be required to occur prior to mineral separation, perhaps during sampling or crushing. The two materials that could carry enough Pb to potentially cause a shift in the Kiglapait samples are (1) the gasoline used during the drilling (KI series) and (2) the stainless steel of the mortar-and-pestle used for grinding the samples. The Pb isotopic ratios of the mortar-and-pestle (Weis et al., 2005) overlap those of the most radiogenic bulk mafic mineral separate and leachate samples (Fig. 12) . Contamination from the steel of the mortar-and-pestle would require that more than 80% of the separate be Pb for rocks and minerals from the Kiglapait intrusion. A 1Á307 Ga reference isochron is shown (age from Morse, 2015) . Samples from the Kiglapait intrusion define two trends (black line represents plagioclase, leached plagioclase, leachates of plagioclase, whole-rocks; green line represents mafic separates) with slopes that are different from the 1Á037 Ga reference isochron. The closed error bar symbols in the upper part of the diagram represent the average 2 standard deviation (2SD) between duplicates of leached plagioclase and duplicates of mafic separates. The inset shows the high Pb isotopic ratios of apatite separates that form a trend very close to the 1Á307 Ga reference isochron; the dashed grey box shows the area covered in the main figure. Open error bars are measured 2SE for this study and TIMS (ULB) data; when not visible, error bars are smaller than symbols. steel and we do not consider this a plausible option. Contamination by gasoline is also improbable. In this case, $60% of the most radiogenic leachate of plagioclase and $80% of the leachate of the mafic minerals would have to be from gasoline; the samples do not follow the mixing trend for 207 Pb/ 204 Pb (Fig. 12) . Careful examination of the mineral separates under the binocular microscope does not reveal any sign of metal chips or surface contamination by oil (Supplementary Data Figs A5-A7). Finally, the two different series of samples, KI and KIG13, were processed in different labs at different times (decades apart), however, they have the same Pb isotope systematics. There is thus no evidence that contamination during sampling produced the observed Pb isotopic variations.
DISCUSSION
The integrated Pb-Sr-Nd-Hf isotope and trace element results are used to evaluate the origin of initial Pb isotopic differences between minerals and whole-rocks, the extent of crustal assimilation during crystallization of the Kiglapait magma chamber, the isotopic composition of the Kiglapait parent magma, the mantle source and evidence for a lower crustal contribution during magma ascent and the significance of troctolitic magmatism in the Nain Plutonic Suite. Figure 13 summarizes the processes that occurred during crystallization of the Kiglapait intrusion based on the results of this study and previous petrological and experimental studies (Morse, 1969 (Morse, , 1979b (Morse, , 1996 (Morse, , 2015 Pb i for the leached plagioclase and mafic separates, respectively. Open error bars are 2SE after error propagation for this study and TIMS (ULB) data; when not visible, error bars are smaller than symbols. Lambert, 1981; DePaolo, 1985; Morse et al., 1991) and it serves as the framework for the discussion.
Initial Pb isotopic differences between coexisting minerals in the Kiglapait intrusion
Isotopic differences between minerals, mostly in the Sr-Nd isotopic systems but also including Pb, have been documented in a number of layered intrusions (e.g. Rum: Palacz, 1984; Tepley & Davidson, 2003; Stillwater: McCallum et al., 1999; Skaergaard: McBirney & Creaser, 2002; Bushveld: Prevec et al., 2005; Chutas et al., 2012; Roelofse & Ashwal, 2012) and in intrusions associated with Proterozoic anorthosite plutonic suites (Scoates & Frost, 1996; Gleißner et al., 2011; Bybee et al., 2014; Bybee & Ashwal, 2015) . Three main hypotheses have been proposed to explain these mineral-scale isotopic variations in layered intrusions (Roelofse et al. 2015) : (1) the minerals in cumulates are mechanical mixtures of different populations of crystals, each with their own isotopic signature (Palacz, 1984; Tepley & Davidson, 2003; Prevec et al., 2005; Roelofse & Ashwal, 2012; Yang et al., 2013; Roelofse et al., 2015; Mangwegape et al., 2016) ; (2) the isotopic differences between minerals result from late-stage magmatic processes (McBirney & Creaser, 2002; Weis et al., 2003 Weis et al., , 2004 Chutas et al., 2012; Wei et al., 2014) ; or (3) the isotopic variability was produced during secondary alteration or during some subsequent metamorphic event (McCallum et al., 1999; Mathez & Waight, 2003; Mathez & Kent, 2007) .
In the Kiglapait intrusion, there are notable Pb isotopic differences between separated plagioclase, (Weis et al., 2005) and Pb ¼ 0Á74 ppm in gasoline (Eisenreich et al., 1986) . Mixing lines are marked at 5% intervals of incorporation of contaminant. The insets compare the Pb isotopic ratios of all the Kiglapait samples with those of the potential contaminants.
clinopyroxene and bulk mafic mineral separates that were processed through chemistry and then analysed by MC-ICP-MS and TIMS (Figs. 9-11) . Plagioclase separates and especially leached plagioclase, have lower initial Pb isotopic ratios than the coexisting mafic phases, a feature that is not related to over-correction of U-Th decay given the very low values of U/Pb and Th/Pb in plagioclase (Table 5 , Supplementary Data Fig. A8 ). In contrast, the plagioclase leachates have more radiogenic initial Pb isotopic ratios that overlap those of the mafic mineral separates. In a complementary study, plagioclase, clinopyroxene and interstitial sulfide from the Kiglapait intrusion were analysed directly in thin section, using a newly developed laser ablation-ICP-MS technique, for their Pb isotopic compositions (Fourny et al., 2017; Fourny, 2018 Pb, 207 Pb/ 206 Pb), including within individual minerals (i.e. core to rim) and that these ratios overlap the leached plagioclase results by MC-ICP-MS (and TIMS). The radiogenic component identified in the solution analyses is unlikely to be carried by the minerals that were not analysed by LA-ICP-MS (olivine, magnetite/ilmenite) as these minerals will contain insufficient Pb to be responsible for the shift observed in the mineral separates (e.g. Bé dard, 2001 Bé dard, , 2005 Bé dard, , 2006 . This observation is not compatible with mixing of different populations of minerals and rules out this mechanism for the Kiglapait intrusion. The unidentified radiogenic Pb-bearing phase(s) present in the Kiglapait (Morse, 2015) in the Nain Plutonic Suite anorthosite and Nain Craton basement. The magma circulates in toroidal convection with magma cores shown as circles (Morse, 1969 (Morse, , 1979b . Heat is mainly dissipated through the roof (Morse, 1969 (Morse, , 1979b . (b) Beginning of crystallization of the troctolitic Lower Zone and the equivalent Upper Border Zone, as well as magma recharge documented by a peak in Ni concentrations in olivine between 6 and 13 PCS (Morse et al., 1991; Morse, 1996 Morse, , 2015 . (c) First documentation of local crustal assimilation in the Sr isotopic system in KI3646 at 47Á2 PCS. The contaminant has an isotopic composition similar to either Proterozoic supracrustal or Archean Nain gneiss. (d) Minor crustal assimilation (<2%) recorded in the Sr isotopic system from 40 to 100 PCS (this study; Simmons & Lambert, 1981; DePaolo, 1985) . Assimilation is more important (up to 10%) in the Upper Zone, after 90 PCS, when only a small amount of residual magma remains. At 93Á5 PCS, crystallization of the Main Ore Band (MOB) drives stirring of the remaining magma and the abrupt arrival of apatite (Morse, 1979b (Morse, , 2015 . (e) After crystallization, circulation of a high-temperature fluid with a radiogenic Pb isotopic composition along grain boundaries and through microfractures. The inset is a schematic showing the hypothesized process at the rock scale. The fluid was in equilibrium with the bulk Kiglapait composition and did not produce secondary mineral assemblages or change the oxygen isotopic composition, but produced the cryptic Pb isotopic signature documented in this study. The Manvers granite intruded the Kiglapait intrusion at 1300 Ma (Morse, 2015) . (f) The Kiglapait intrusion at its current elevation after uplift and erosion. Numbers refer to PCS. intrusion must be extremely small (i.e. not observable in thin section or reconnaissance SEM examination) and have very low abundance and must either contain a large amount of Pb or be highly radiogenic to produce the Pb isotopic signal of leached plagioclase ( Fig. 9 ; Supplementary Data Fig. A4 ; Table 5 ).
We speculate that a radiogenic Pb component was added to the Kiglapait cumulates during a cryptic alteration event as a result of fluid circulation along grain boundaries and through microfractures within a few million years following complete solidification while the intrusion was still relatively warm (Fig. 13) . The cryptic alteration signal is mostly documented in the bulk mafic mineral separates as a result of their low Pb contents compared to plagioclase. Any model for postcrystallization disturbance of the Pb isotope systematics must satisfy the following geological and geochemical constraints: (1) mid-crustal emplacement pressures with an estimate of $9Á6 km depth for the roof and a > 8 km-thick stack of cumulates extending to depth (Berg & Docka, 1983; Morse, 2015) ; (2) the pristine nature of most Kiglapait samples (Figs 3, 4) and general absence of secondary minerals produced by reaction between existing cumulus and interstitial minerals with a hydrothermal fluid (e.g. Morse, 1969; Shirey, 1975) ; and (3) the lack of detectable oxygen isotope exchange with rocks surrounding the Kiglapait intrusion based on oxygen isotope data for whole-rocks and calculated liquid d
18 O values that are close to a normal uncontaminated gabbroic value of 6& (Kalamarides, 1984) . Fluid flow through microstructures and along grain boundaries at relatively high temperatures, perhaps as high as 700-800 C (i.e. below the $1000 C solidus of the Kiglapait intrusion: Morse & Brady, 2017) , should produce little in the way of mineral reaction (e.g. McCollom & Shock, 1998; Bosch et al., 2004) . Similar processes have been advocated for: (1) lower oceanic crustal gabbros, where although secondary minerals are rare to absent, shifts in strontium and oxygen isotopic compositions indicate cryptic alteration from interaction with heated seawater (Kempton et al., 1991; Lecuyer & Reynard, 1996; Alt & Bach, 2006; Coogan, 2014) ; and (2) the Skaergaard intrusion, where significant high-temperature hydrothermal circulation of fluids that equilibrated with overlying basalts similar in composition to the Skaergaard cumulates resulted in minimal mineral alteration and strong d
18 O depletion of plagioclase and clinopyroxene during fracture-controlled meteorichydrothermal activity (Taylor & Epstein, 1963; Taylor & Forester, 1979; Norton & Taylor, 1979; Norton et al., 1984; Rogers & Bird, 1987) .
The Kiglapait intrusion crystallized at 1307 Ma under hot and dry conditions with estimated liquid temperatures ranging from 1244 C at 0 PCS to 1023 C at the top of the Upper Zone (Morse & Ross, 2004; Morse, 2015) , a solidus at 3 kb of 1000 C defined by the solvus for the end-stage feldspar of the Kiglapait syenites (Morse & Brady, 2017) and extremely low volatile contents (estimated H 2 O ¼ 68 ppm: Huntington, 1979) . It cooled relatively rapidly down to 550 C based on a 40 Ar/ 39 Ar hornblende date of 1298 6 14 Ma from the contact metamorphic aureole (Yu & Morse, 1992) and then took $20 Myr to cool down to ambient conditions at 240 C ($25 C/Myr: Yu & Morse, 1992) . Fluid ingress along fractures produced during cooling at temperatures below the solidus (Fig. 13) and may have been driven by the emplacement of other magmas in this part of the Nain Plutonic Suite, which was magmatically active from c.1311 Ma (Jonathon troctolite) through to at least 1300 Ma, a period that includes the Kiglapait, Tigalak and Newark Island intrusions, possibly the undated Hettasch intrusion and undated phases of anorthositic magmatism and the cross-cutting Manvers granite Myers et al., 2008; Morse, 2015) (Fig. 1) . These fluids may have been derived during dehydration breakdown reactions in the Nain or Churchill Province gneisses that then equilibrated with Nain anorthosite (i.e. same mineralogy as the Kiglapait intrusion), which locally has oxygen isotope compositions of zircon and whole-rocks that are markedly similar to the range observed in the Kiglapait intrusion (Peck et al., 2010) . The reason that only the Pb isotopic system was affected, and not other isotopic systems like Sr, is likely linked to the relatively high abundance of Sr (plagioclase $400-500 ppm, mafic minerals $15-34 ppm) compared to Pb (mostly <2 ppm) in the Kiglapait intrusion (Tables 4-5 ). To affect the Sr isotopic ratios of the Kiglapait minerals, the contaminating fluid would have needed significantly higher Sr concentrations and Sr isotopic ratios.
The source of the radiogenic Pb component in the Kiglapait intrusion can be modeled following the approach outlined in Weis & Demaiffe (1983) (Fig. 14) . The model involves testing the effects of mixing between the Kiglapait parent magma, assumed to be represented by leached plagioclase, with several different fluids with more radiogenic compositions similar in Pb isotope composition to the Voisey's Bay troctolite , Churchill Province gneiss and radiogenic orthopyroxene megacrysts from the Nain Plutonic Suite (Bybee et al., 2014) . In  Fig. 14, the mixing lines between the Kiglapait parent magma composition and the radiogenic end-members are reference lines with slopes that correspond to the age of the Kiglapait intrusion (1307 Ma) and were constructed using U/Pb and Th/Pb proportional to the values measured in the mafic separates. The radiogenic character of the mafic separates (green diamonds) can be accounted for if they resulted from variable extents of mixing between a primary Kiglapait component (leached plagioclase) and radiogenic Pb in a fluid derived from relatively high (Table 5 ). The observation that two samples (KI3276, 68 PCS; KIG13-02, 88 PCS) do not show any significant Pb isotope variability between mineral phases ( Fig. 9;  Supplementary Data Fig. A4 ) is an indication that hightemperature sub-solidus fluid infiltration and subsequent cryptic alteration in the Kiglapait intrusion was not pervasive. Further detailed studies, such as systematic element mapping followed by targeted Pb isotope micro-analysis by SIMS, could provide more information on the effects and extent of the proposed fluid circulation event.
Isotopic constraints on the composition of the Kiglapait parent magma Pb i ¼ 34Á64 6 22; 2SD, n ¼ 14) and that the Nd-Hf isotopic compositions of the Kiglapait parent magma are represented by samples from the Lower Zone (e Ndi ¼ -4 6 1, e Hfi ¼ 1 6 2; 2SD). For Sr isotopes, we consider the limited range of 87 Sr/ 86 Sr i ¼ 0Á7040 to 0Á7042 below 45 PCS to represent the parent magma, unmodified by the effects of crustal contamination during crystallization. Th/ 204 Pb ¼ 60). The orange field corresponds to the mixing of various proportions of Kiglapait parental magma and a contaminant with a similar Pb isotopic composition to the Nain orthopyroxene megacryst. Note that the measured Pb isotope ratios for the Kiglapait mafic separates (green diamonds) plot in the orange field.
Isotope constraints on assimilation of country rock during crystallization
The total variation in 87 Sr/ 86 Sr i in the Kiglapait intrusion based on the results of this study, combined with those of Simmons & Lambert (1981) and DePaolo (1985) , is relatively large (0Á7040-0Á7070) (Fig. 8) . Throughout the Lower Zone, however, the variations are small (0Á7040-0Á7044; Fig. 8a ) and 87 Sr/ 86 Sr i only increases significantly above 84 PCS (Fig. 8b, Supplementary Data Fig. A3 ). For Nd isotopes, DePaolo (1985) reported a decrease in initial e Nd up stratigraphy from e Ndi ¼ -1Á6 at 21 PCS to -5Á1 at 99Á985 PCS. With the additional Nd isotopic data in this study, the sample at 21 PCS, which was analysed both in DePaolo (1985) and here, is anomalous compared to the rest of the stratigraphy, with the exception of a mafic separate from the top of the Lower Zone (PCS ¼ 83) (Fig. 7) .
Based on combined Sr-Nd isotopic systematics, DePaolo (1985) proposed that a relatively small amount of assimilation (1-4%) of country rocks (Archean gneiss or Snyder Group) occurred most likely at the roof of the intrusion. There are now sufficient isotopic studies of rocks from the Nain Plutonic Suite and from Nain and Churchill provinces (e.g. Hamilton, 1993; Emslie et al., 1994; Amelin et al., 2000) to fully constrain the extent of contamination of the Upper Zone of the Kiglapait intrusion (Supplementary Data Tables A12, A14-A16 ). The rate of assimilation throughout the magmatic stratigraphy was determined using the model from DePaolo (1981) and its best fit to the Sr isotope ratios without continuous replenishment (DePaolo, 1985) . The trace element concentrations at the beginning of crystallization were assumed to be equal to those determined for the modeled parent composition in the following section (e.g. Sr ¼ 291 ppm, Nd ¼ 3Á3 ppm, Pb ¼ 2Á1 ppm). The best-fit model for Sr-Nd isotope variations involves either a contaminant with the isotopic composition of Proterozoic supracrustal sample C-72a from Snyder Bay with the median trace element contents of the Proterozoic supracrustal series (Sr ¼ 236 ppm, Nd ¼ 10Á4 ppm, Pb ¼ 19 ppm) or the Archean Nain gneiss sample 2-1370 with the median concentrations of Archean Nain gneiss (Sr ¼ 512 ppm, Nd ¼ 6Á6 ppm, Pb ¼ 11 ppm) (Hamilton, 1993) .
The results indicate that from PCS ¼ 0-40 there is no change in Sr isotope ratios and there is no isotopic evidence for contamination (Fig. 15) . In the interval around PCS ¼ 47Á2, there is a shift in 87 Sr/ 86 Sr i from 0Á70407 to 0Á70436 indicating a local event of crustal contamination perhaps due to assimilation of a now-eroded roof pendant, examples of which are observed in the southern part of the intrusion (Morse, 2015) . To fit the data, the resultant value of r (rate of assimilation/rate of crystallization) is 0Á24 (Archean Nain gneiss) or 0Á41 (Proterozoic supracrustal contaminant) (Figs 13 and 15) . The difference in 87 Sr/ 86 Sr i between the mafic mineral and plagioclase separates in the sample at PCS ¼ 47Á2 (Fig. 8) could have been produced by crystallization of cumulus plagioclase from the locally contaminated magma followed by crystallization of interstitial clinopyroxene from interstitial melt that circulated from above. In the rest of the intrusion, from PCS >40 to 89, the initial Sr isotope ratios increase due to small amounts of assimilation (r ¼ 0Á015) of country rock (Figs 13 and 15) . After 89 PCS, the assimilation rate increases to r ¼ 0Á3 (Archean Nain gneiss) or 0Á4 (Proterozoic supracrustal contaminant) until 99 PCS where it increases again to r ¼ 0Á35 and 0Á5, respectively (Figs 13 and 15) . Due to the low Nd and Pb concentrations of the contaminants, assimilation does not affect the Nd and Pb isotopic compositions until 99 PCS where Nd ratios begin to decrease (Fig. 15, Supplementary  Data Fig. A9-A11 ). The modeling results indicate that the effects of country rock assimilation in the Kiglapait intrusion are very small (less than 2% total contaminant) below 90 PCS and the intrusion behaved essentially as a closed system up to this level, with the exception of a local event at 47Á2 PCS, based on radiogenic isotopic systematics. Assimilation also did not significantly affect the trace element concentrations of whole-rocks or minerals, as indicated by the lack of correlation between trace elements and isotopic compositions.
Comparison with other troctolitic intrusions in the Nain Plutonic Suite
The Pb-Sr-Nd isotopic compositions of the Kiglapait intrusion are broadly similar to results from other troctolitic intrusions of the Nain Plutonic Suite, including Mushuau, Voisey's Bay, Barth Island and Jonathon and distinct from the anorthosites (Figs 16-17 ; Supplementary Data Tables A14-A16 ). In Pb, leached plagioclase from Kiglapait is comparable to plagioclase from the Mushuau and Newark Island troctolitic intrusions (Supplementary Data Table  A16 ) and is distinctly less radiogenic than plagioclase from the Voisey's Bay troctolite (Fig. 16) . The relatively unradiogenic Pb compositions of the Kiglapait intrusion, extending towards lower crustal compositions, are consistent with contamination by a small amount of lower crust during magma ascent. Troctolitic intrusions are characterized by the highest initial e Nd and lowest initial Sr isotopic ratios in the Nain Plutonic Suite (Fig. 17) . The Kiglapait intrusion has notably higher initial 87 Sr/ 86 Sr i than all other troctolitic intrusions, except for several samples from Barth Island and Mushuau Amelin et al., 2000) . Combined, the Pb-Sr-Nd isotopic systematics indicate that the Kiglapait parent magma records the strongest signal of crustal contamination amongst all Nain troctolites.
Trace element constraints on the Kiglapait parent magma
We modeled the trace element composition of the Kiglapait parent magma from the high-precision trace element dataset determined in this study. Due to the effects of mineral accumulation, the trace element concentrations measured in cumulates do not directly represent those of the parental magma (e.g. Bé dard, 1994 Bé dard, , 2001 Godel et al., 2011) . The modeling was done in two steps: 1) calculation, using the trace element dataset, of the melt composition from which each cumulate crystallized; 2) back-calculation of the parental magma composition from the melts. The trace element concentrations of the melt from which each sample crystallized were calculated using whole-rocks in Method A (e.g. Morse & Nolan, 1985) , plagioclase in Method B (e.g. Lambert & Simmons, 1987; Godel et al., 2011) and mixtures of cumulates and interstitial material in Method C following Godel et al. (2011) , which is similar to the approach used in Cawthorn et al. (1991 ), Bé dard (1994 and Charlier et al. (2005) . The amount of interstitial material was calculated using the equation developed by Morse (2012) for estimating the residual porosity in Kiglapait samples from the anorthite (An) range in plagioclase.
Although mineral-melt partition coefficients for some trace elements (REE, Ba, Rb, Sr) have been internally derived for the Kiglapait intrusion (Morse, 1981b (Morse, , 1982 Morse & Nolan, 1985; Morse & Allaz, 2013) , partition coefficients derived from experiments or natural samples were used to ensure a consistent set of values amongst all trace elements. Two sets of Nernst partition coefficients were tested: (1) coefficients compiled by Bé dard (2001); and (2) coefficients calculated for plagioclase, olivine and clinopyroxene in the different Kiglapait samples following the equations/parameters provided in Bé dard (2005, 2006, 2014) and using the major element compositions of clinopyroxene (D clinopyroxene ), the temperature, MgO and SiO 2 contents of the melts, the An content in plagioclase (D plagioclase ) and MgO in the melts (D olivine ). Partition coefficients for the REE (D REE ) used in this study are lower than D REE extrapolated from minerals by Morse & Nolan (1985) for augite and similar for plagioclase. For plagioclase, D Ba (0Á53-0Á56) is similar to coefficients calculated by Morse & Allaz (2013) The green and black dashed lines represent assimilation models using Proterozoic supra-crustal rocks and Archean gneiss as contaminants, respectively. The Proterozoic supra-crustal contaminant has the isotopic composition of a sample from Snyder Bay (C-72a) and its elemental composition is the median of concentrations measured in Proterozoic supra-crustal samples by Hamilton (1993) (e Nd1Á307 Ga ¼ À17Á9, Nd ¼ 10Á4 ppm; 87 Sr/ 86 Sr 1Á307 Ga ¼ 0Á72222, Sr ¼ 281 ppm). The Archean gneiss contaminant has the isotopic composition of sample 2-1370 and its elemental composition is the median of concentrations measured in Archean gneiss samples by Hamilton (1993) (e Nd1Á307 Ga ¼ À24Á3, Nd ¼ 6Á6 ppm; 87 Sr/ 86 Sr 1Á307 Ga ¼ 0Á72321, Sr ¼ 512 ppm). The models are calculated using the formula from DePaolo (1981); r, rate of assimilation/rate of crystallization is evaluated to best fit the data. From 0 to 40 PCS, r ¼ 0 (no assimilation) and between 40 and 89 PCS, the assimilation rate is very small with r ¼ 0Á015. From 89 to 99 PCS, r ¼ 0Á3 (Archean Nain gneiss) and 0Á4 (Proterozoic supracrustal contaminant). Finally, from 99 PCS to 100 PCS assimilation rate increases to r ¼ 0Á35 and 0Á5, respectively. At 47Á2 PCS, a local assimilation event can explain the higher Sr isotope ratios. The inset figure shows the assimilation models in a diagram of e Ndi vs 87 Sr/ 86 Sr i . Note that for clarity, only whole-rock analyses are shown from 0 to 90 PCS.
are lower (0Á057-0Á059 and 1Á08-1Á11, respectively) than those determined by Morse (1981b) (minimum D Rb ¼ 0Á25) and Morse (1982) (D Sr ¼ 1Á6-1Á9). The choice of partition coefficients that are internally derived (Morse, 1981b; Morse, 1982; Morse & Nolan, 1985; Morse & Allaz, 2013) and externally derived (Bé dard, 2001 (Bé dard, , 2005 (Bé dard, , 2006 (Bé dard, , 2014 does not significantly affect the modeling results as relative differences in concentrations are smaller than 10% for nearly all elements considered. The effect is more important for Rb and Sr where modeled concentrations are lower by 50% and 30%, respectively, when using the partition coefficients of Morse (1981b) .
Once the melt concentrations were calculated, the parental magma composition was determined using the fractional crystallization equation (Rayleigh, 1896; Neumann et al., 1954) :
where C l i and C 0 i are the concentrations of the element i in the melt and parental magma, respectively, X corresponds to the fraction of crystallization or PCS and D is the partition coefficient for the element i. The fraction of material crystallized was taken either to equal the PCS Pb 1Á307 Ga . Note that the Pb isotopic compositions of the Kiglapait intrusion overlap with those from the Mushuau and Newark Island intrusions. The two lines represent mixing between two different mantle end-members (mantle at 1Á307 Ga from Zartman & Doe, 1981 ; average Pb isotopic compositions of Nain basaltic dikes) and the average granite composition representing a lower crustal end-member (see Table 6 for values). Concentrations of Pb for the end-members were calculated by equilibrium partial melting of the mantle (Salters & Stracke, 2004) and lower crust (Rudnick & Gao, 2014) . Only the two extreme cases compatible with the Kiglapait parental magma are shown. The black and orange dashes along the mixing lines indicate mixing of a melt derived from 30% partial melting of the mantle (Pb ¼ 0Á075 ppm) with a melt derived from 15% partial melting of the lower crust (Pb ¼ 9Á82 ppm). The grey and brown dashes along the mixing lines show the results of mixing of a melt derived from 25% partial melting of the mantle (Pb ¼ 0Á090 ppm) with a melt derived from 30% partial melting of the lower crust (Pb ¼ 7Á88 ppm). Mixing lines are marked at 5% intervals of incorporation of the crustal end-member. of the individual sample (i.e. crystallization starts at emplacement) or assumed 35% crystallization of olivine prior to emplacement after Morse (2006) and McIntosh (2009) . The value of D i for each element was calculated by summing the mineralogy of the previous rocks using the rock model from Morse (1981a) taking into account what had been already removed from the melt.
All three methods result in comparable normalized trace element patterns with a slight enrichment in incompatible elements, a negative Th-U anomaly and positive Ba-Pb-Sr anomalies (Supplementary Data Fig. A12; Fig. 18a ). Method C of Godel et al. (2011) produces the most consistent parent magma compositions and is shown in Fig. 18 . Comparable parent magma estimations are determined from each sample (Fig. 18b) , except for KI3708, which is heterogeneous in texture and contains a large amount of interstitial material (Fig. 4a, b) . The modeled parental magmas are similar when using Nernst partition coefficients compiled by Bé dard (2001) or when calculated for each sample (Fig. 18a) . The only significant change in compositions between the models results from the choice of the fraction of crystallization. Models where crystallization starts at emplacement of the intrusion yield concentrations 1Á5 times on average higher than if 35% olivine crystallizes before emplacement (Fig. 18a) .
The trace element concentrations of the model Kiglapait parent magma can be compared to other estimates from rocks of the Nain Plutonic Suite (Bé dard, 2001) and from chilled margins (Morse & Nolan, 1985; Nolan & Morse, 1986; Berg et al., 1994) . The Kiglapait parent has significantly lower concentrations than for the range of parent magma compositions proposed by Bé dard (2001) for rocks of the Nain Plutonic Suite (Fig. 19a) . This divergence in modeled parental compositions likely results from the different calculation methods used between Bé dard (2001) and this study. In Bé dard (2001), the parent magma compositions were calculated using the constituent minerals of the rocks and the percentage of interstitial material, similar to step 1 of our calculations, but does not take into account the effects of fractionation, which is included in our step 2. Compared to other troctolitic bodies, the model Kiglapait parent is similar to chilled margins from the Jonathon intrusion (Berg et al., 1994) , to existing estimates for the Kiglapait intrusion (Morse & Nolan, 1985;  Sr/ 86 Sr 1Á307 Ga for the Kiglapait intrusion and other rocks from the Nain Plutonic Suite (NPS), Nain and Churchill provinces and other relevant country rocks with source models for the Kiglapait magma. The grey field encompasses the range of isotopic compositions from the Nain Plutonic Suite rocks. For the Kiglapait intrusion, only samples below 90 PCS are shown. The inset figure in the lower left shows that the Kiglapait intrusion has similar Nd isotopic compositions to other troctolitic intrusions of the NPS, but distinctly higher Sr isotopic ratios. The curves represent mixing between a mantle end-member with similar compositions to Mesoproterozoic mafic dikes and four different regional crustal end-members (see Table 6 for values). Concentrations of Nd and Sr in the end-members are calculated based on equilibrium partial melting of the mantle (Salters & Stracke, 2004) and lower crust (Rudnick & Gao, 2014) . Only the two extreme cases compatible with the Kiglapait parental magma are shown. The darker lines from each pair of mixing trends indicate mixing of a melt derived from 30% partial melting of the mantle (Nd ¼ 2Á27 ppm, Sr ¼ 31Á7 ppm) with a melt derived from 15% partial melting of the lower crust (Nd ¼ 63Á8 ppm, Sr ¼ 725 ppm). The lighter lines from each pair of mixing trends show the results of mixing of a melt derived from 25% partial melting of the mantle (Nd ¼ 2Á70 ppm, Sr ¼ 37Á8 ppm) with a melt derived from 30% partial melting of the lower crust (Nd ¼ 38Á2 ppm, Sr ¼ 612 ppm). Mixing curves are marked at 5% intervals of incorporation of the crustal end-member. Color-coding of the Kiglapait samples (diamonds) are as previously indicated in Fig. 13 . Nolan & Morse, 1986) and has lower concentrations than the chilled margin from the Hettasch intrusion (Berg et al., 1994) (Figs 1a; 19b ).
Mantle and lower crustal components in the source of the Kiglapait parent magma
The source of the Kiglapait intrusion, the extent of partial melting of the mantle and the potential involvement of lower crust can be assessed by combining the preceding evaluation of Pb-Sr-Nd-Hf isotopic variations and trace element concentrations determined for the Kiglapait parent magma (Figs 16, 17 and 19) . Based on the experimental results of Morse (2006) and McIntosh (2009) , the mantle source region at 15 kb and $1400 C is considered to consist of harzburgite (75% olivine, 20% orthopyroxene, 4% clinopyroxene, 1% magnetite) with the depleted mantle trace element concentrations of Salters & Stracke (2004) . The mineralogy of the lower crust is more difficult to constrain as there is a range of possible granulite-facies lithologies, dominantly gabbroic (Rudnick & Gao, 2014) . Several different lower crustal compositions below the Nain Plutonic Suite have been proposed. Based on seismic results, Funck et al. (2000) favored an anorthositic lower crust, whereas Emslie et al. (1994) proposed that the lower crust consists of residual granulitic material after extraction of early granitoid melts; Peck et al. (2010) interpreted this to be plagioclase-pyroxene granulite. In a trace element study of the Nain Plutonic Suite parent magmas, Bé dard (2001) utilized three different lower crustal sources: granulite, garnet granulite and eclogite.
Following a similar approach, we tested various lithologies to produce lower crustal melt, including anorthosite (90% plagioclase, 5% olivine, 5% orthopyroxene), granulite (58% plagioclase, 21% orthopyroxene, 21% clinopyroxene) and garnet granulite (35% garnet, 29% orthopyroxene, 29% plagioclase, 7% clinopyroxene), using trace element concentrations from Rudnick & Gao (2014) and partition coefficients compiled by Bé dard (2001) . The compositions of harzburgite melts and lower crustal melts were calculated using equilibrium melting with melt fractions ranging from 5 to 30%. The trace element patterns obtained from the three different lower crust scenarios are similar (Fig. 19c) . The major differences are the presence of negative Sr-Pb anomalies when mixing in partial melts of anorthositic and granulitic lower crust and the steeper slope between incompatible and more compatible elements when adding granulitic partial melt. The model involving addition of partial melt of garnet granulitic lower crustal to mantle-derived melt best fits the Kiglapait parental magma composition and is compatible with the results of Bé dard (2001) (Fig. 19a) .
The trace element patterns of the Kiglapait parent magma can be reproduced by mixing 95% of a mantlederived magma (derived by 25-30% partial melting of harzburgite) with 5% lower crustal melt (derived by 15-30% partial melting, Fig. 19c ). The trace element concentrations in the model parent magma and those resulting from mixing of mantle and crustal melts are on average within 20-30% (RSD) of each other, except for Pb and Sr. The positive Pb-Sr anomalies estimated for the Kiglapait parent magma may be due to: 1) inappropriate partition coefficients for the Kiglapait cumulates or the lower crustal melts; 2) an overestimation of the amount of cumulus plagioclase in the model; 3) the possibility that the lower crust under the Nain Plutonic Suite contains higher abundances of Sr and Pb than the recommended values from Rudnick & Gao (2014) ; or 4) a combination of all these factors. Relatively high estimated extents of mantle melting (25-30%) are required in the model, as lower degrees of partial melting yield trace element concentrations that are too high compared to those of the Kiglapait parent magma. Such high degrees of melting are consistent with the phase equilibria constraints of Morse (2015) who proposed that the Kiglapait parent magma likely represents a very large melt fraction from a harzburgite source that would (Godel et al., 2011) and model PCS þ 35%Ol_CalcD. Trace element concentrations of the liquid from which each sample crystallized were calculated by using the cumulate compositions and the amount of interstitial material following the method of Godel et al. (2011) . Model PCS corresponds to a model using the PCS value as a fractionation factor and Nernst partition coefficients compiled by Bé dard (2001) . Model PCS þ 35%Ol is a model that takes into account 35% olivine crystallization before emplacement of the intrusion and Nernst partition coefficients compiled by Bé dard (2001) . Model PCS þ 35%Ol_CalcD is a result taking into account 35% olivine crystallization before emplacement of the intrusion and Nernst partition coefficients calculated for each sample using equations from Bé dard (2005, 2006, 2014) . Concentrations are normalized to the Primitive Mantle values of McDonough & Sun (1995). rise to emplacement depths equivalent to 3 kb pressure, while crystallizing extensive (35%) olivine prior to filling the magma chamber.
The results of the trace element modeling indicating mixing between melts of mantle and lower crustal sources are consistent with modeling of the isotopic variations of the Kiglapait intrusion (Figs 16, 17) . The isotopic compositions of potential mantle and crustal sources used in the binary mixing calculations, following the method of Langmuir et al. (1978) , are summarized in Table 6 . The most compatible end-members that account for the range of isotopic compositions in the Kiglapait intrusion are shown in Fig. 17 . A range of different mantle compositions has been considered as the Berg et al. (1994) , the sum of the Kiglapait intrusion is from Morse & Nolan (1985) and the Kiglapait chilled margin is from Nolan & Morse (1986) . (c) Sources of the parental Kiglapait magma. Depleted mantle concentrations are from Salters & Stracke (2004) , lower crust concentrations from Rudnick & Gao (2014) . Shades of purple and green represent melts derived from 15 to 30% partial melting of the mantle and lower crust, respectively. The grey to black lines show melts that consist of 95% mantle melt and 5% lower crustal melt with variable degrees of partial melting of mantle and crust -note the similarity to the proposed Kiglapait parental magma. Concentrations are normalized to the Primitive Mantle values of McDonough & Sun (1995). source of the Nain Plutonic Suite magmas (Ashwal et al., 1986; Hamilton, 1993; Emslie et al., 1994; Amelin et al., 2000) . The Mesoproterozoic Nain dikes, which are contemporaneous with the Nain Plutonic Suite, are considered to represent 'leaks' from the plutonic suite feeders Royse et al., 1999) . One of these dikes, sample N37-92 of Royse et al. (1999) , has lower initial 87 Sr/ 86 Sr i (0Á70234) and higher initial e Ndi (þ2Á3) than the basaltic dikes used by Amelin et al. (2000) as a mantle end-member and yields a better fit when used to model the Sr-Nd isotopic variations of the Kiglapait intrusion and other Nain Plutonic Suite samples (Table 6 ; Fig. 17) .
The isotopic compositional range of the Kiglapait intrusion can be reproduced by mixing a mantle-derived melt that has an isotopic composition similar to the most depleted Mesoproterozoic dike Supplementary Data Table A16 ) with small amounts (2-6%) of a crustal melt (Fig. 17) . The mixing model that best matches the Kiglapait composition involves a lower crust end-member with the average Nd-Sr isotopic composition of Archean gneiss from the Nain Province (Table 6 ; Fig. 17 ). For Pb isotopes, only 1-2% of crustal material is necessary when using the depleted mantle at 1Á307 Ga (Zartman & Doe, 1981) , the isotopic composition of local granite for lower crust and average trace element concentrations of lower crust (Rudnick & Gao, 2014) and mantle (Salters & Stracke, 2004) (Fig. 16 ). In this model, the percentage of crust-derived melt necessary to explain the isotopic compositions of the Mushuau (<3%) and Voisey's Bay (<2%) intrusions in the southern part of the Nain Plutonic Suite is much smaller than the estimates of Amelin et al. (2000) (15-40% for Mushuau; <10% for Voisey's Bay) (Fig. 17) . This variation is related to the difference in which the trace elements concentrations of the mantle and crustal sources are treated in the two studies, as Amelin et al. (2000) use the concentrations as measured in rocks, whereas we use the modeled melt concentrations to keep consistency between the trace element and isotopic modeling approaches.
Implications for the Nain Plutonic Suite
The source and parent magma compositions of Proterozoic anorthosite plutonic suites have been a matter of debate for many decades, with both a mantle and crustal origin proposed (e.g. Emslie et al., 1994; Mitchell et al., 1995; Scoates & Frost, 1996; Duchesne et al., 1999; Longhi et al., 1999; Scoates & Mitchell, 2000; Bé dard, 2001; Charlier et al., 2010; Vander Auwera et al., 2011; Maji et al., 2010; Maier et al., 2013; Ashwal & Bybee, 2017) . In this study, the combined isotopictrace element modeling approach developed for the Kiglapait intrusion can be extended to the entire Nain Plutonic Suite and its proposed magmatic evolution and source (Fig. 20) . The Nain Plutonic Suite formed over $75 million years (Myers et al., 2008) and its origin has been related to the activity of a mantle plume Funck et al., 2000; Ryan, 2000) or to continental margin tectonic processes (Gower & Krogh, 2002; Myers et al., 2008; Bé dard, 2010; McLelland et al., 2010; Bybee et al., 2014; Bybee & Ashwal, 2015 , Ryan & James, 2017 . The long-lasting emplacement of the Nain Plutonic Suite is inconsistent with a mantle plume hypothesis and better aligned with formation in a postto late-tectonic regime, such as reactivation along fault zones, Andean-type continental arcs, flat-slab subduction, post-orogenic lithosphere delamination, slab break-off and back-arc basins (Myers et al., 2008; Bé dard, 2010; McLelland et al., 2010; Ashwal & Bybee, 2017) . Recent models propose transtensional displacement along the Gardar-Voisey's Bay fault zone, which Table A15 0Á51056 0Á70984
Numbers in bold are the isotopic compositions of the mantle and radiogenic sources that are most compatible with the Kiglapait isotopic composition.
reactivated the Torngat suture, causing a drop in pressure and potential fracture dilation leading to decompression melting of the underlying mantle (Myers et al., 2008; McLelland et al., 2010) . The results of this study strongly support a mantle origin for the mafic rocks associated with Proterozoic anorthosite plutonic suites. The extensive and longlived magmatism in the Nain Plutonic Suite was dominated by mantle-derived magmas that were variably contaminated by lower crustal material at the crust/ mantle interface (Moho) and during their ascent to emplacement depth (Fig. 20) . For example, the low-P Nain Fig. 20 . Schematic diagrams depicting the sequential emplacement of intrusions of the Nain Plutonic Suite, including the Kiglapait intrusion (KI), based on the age compilation of Myers et al. (2008) and the results of this study. This figure does not show derivation of melts during melting and focuses on lithospheric ponding and passage of melts through the crust. Depths of emplacement and different boundaries are from the seismic study of Funck et al. (2000) . (a) Emplacement of anorthositic plutons between 1361 and 1322 Ma mostly in the Churchill Province. Partial melting of the mantle occurs at 13 kbar ($45-52 km), the parent magma fractionates mafic minerals (olivine, pyroxene) when the magma ponds at the Moho and buoyant plagioclase accumulates when the plagioclase stability field is reached at pressures less than 11 kbar ($39-44 km) (McIntosh, 2009; Bybee & Ashwal, 2015) . Anorthosites form flat-tabular plutons or ring dykes at middle to upper crustal depths (e.g. Ryan, 2000; Royse & Park, 2000; Myers et al., 2008) . (b) Granitic intrusions are emplaced at 1322-1319 Ma at the end of the first sequence along the western margin of the Nain Plutonic Suite. Anorthositic plutons are emplaced in the Nain Province (eastern part of Nain Plutonic Suite). The eastern anorthosites contain olivine (light blue), whereas the western anorthosites contain orthopyroxene (dark blue) (Xue & Morse, 1993) . During ascent through the crust, substantial amounts of olivine crystallize and troctolitic magmas (Morse, 2006; McIntosh, 2009) intrude older anorthositic plutons. (c) The Nain Plutonic Suite after 1319 Ma. The second sequence of intrusions of the Nain Plutonic Suite occurs in the east and consists mainly of olivine-bearing rocks (anorthosite and troctolite). The Kiglapait intrusion is emplaced below a 9Á6 km-thick roof (3-5 kbar) (Berg & Docka, 1983; Morse, 2015) . Troctolitic intrusions are basin-or funnel-shaped (Morse, 1969; Berg, 1974; Myers et al., 2008) . Abbreviations: LC, lower crust; MCB, mid-crustal boundary; Moho, Mohorovi ci c discontinuity; Plag, plagioclase; Px, pyroxene; Ol, olivine. basaltic dikes, which have the highest initial e Nd require only the addition of less than 1-3% crustal melt. The isotopic compositions of most of the anorthosites, leucotroctolites and leuconorites in the Nain Plutonic Suite are satisfied by mixing of mantlederived melts with as little as 3% and up to 30%, crustal melt (Fig. 17) . All of the trace element melt compositions of Bé dard (2001), with the exception of the enriched melt, are reproduced by mixing 70% mantlederived melt and 30% lower crustal melt, where the lower crust undergoes lower degrees of partial melting (5-20%) than required for the parental magmas of the Kiglapait intrusion (15-30%). The focus of magmatism in the Nain Plutonic Suite began in the Churchill Province to the west at c.1363 Ma during 'Sequence 1' (Myers et al., 2008) with leuconorites and orthopyroxene-bearing anorthosites that record the highest extents of crustal contamination. During 'Sequence 2' (Myers et al., 2008) , which started at 1319 Ma, intrusive activity shifted to the east towards the Nain Province and produced mainly olivine-bearing rocks (anorthosite and troctolite) whose parental magmas assimilated significantly less crust. The voluminous troctolites, including the Kiglapait, Hettasch, Jonathon and Newark Island intrusions, are a hallmark of this younger magmatic sequence and they represent the products of extensive mantle melting with limited crustal contamination.
CONCLUSIONS
The 1307 Ma Kiglapait layered intrusion is the largest troctolitic intrusion of the Nain Plutonic Suite and is an end-member amongst layered intrusions recording the entire near closed-system crystallization history of highAl basaltic magma. This Pb-Sr-Nd-Hf isotopic and trace element study has allowed for definition of the source and evaluation of the processes that occurred during transit of the Kiglapait parent magmas through the crust and their progressive crystallization in an upper crustal magma reservoir. Sr i ¼ 0Á7041 6 1), Nd (e Ndi ¼ -4 6 1) and Hf (e Hfi ¼ 1 6 2). We document the presence of a minor radiogenic Pb component in unleached plagioclase and bulk mafic separates (and whole-rocks) that appears to have been introduced along microcracks and grain boundaries during a cryptic alteration event from high-temperature fluids in equilibrium with host anorthositic rocks (i.e. no change in O isotopes). The results of this study emphasize the importance of acid leaching to recover parental Pb isotopic compositions for layered intrusions, even for samples that do not appear altered at macroscopic and microscopic scales. The isotopic results, especially for Sr, also constrain the limited extent of assimilation of country rocks during crystallization of the Kiglapait intrusion (<2% assimilation up to 90 PCS; up to 10% assimilation at 99Á99 PCS). Modeling results indicate that the Pb-Sr-Nd-Hf and trace element concentrations of the Kiglapait parent magma composition are compatible with derivation from a mantle-derived magma with minimal ($5%) lower crustal contamination. When extended to the rest of the Nain Plutonic Suite, the modeling demonstrates that the origin of the anorthosites involved mantlederived magmas that assimilated lower crustal material during ponding at the Moho as they ascended towards their final emplacement depths (6-15 km). This integrated isotopic and trace element framework developed for the Kiglapait intrusion opens up new avenues for constraining the mantle source, the role of lower crustal and upper crustal assimilation, the differentiation history and potential late-stage processes during the formation of mafic layered intrusions in the Earth's crust.
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